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ABSTRACT 
The d i s t r i b u t i o n  o f  e l e v a t i o n s  on a c r a t e r e d  p l a n e t a r y  
s u r f a c e  i s  computed from a t h e o r e t i c a l  model which assumes t h e  
s u r f a c e  i s  a l te red  on ly  by the format ion  of  c r a t e r  bowls, r i m s ,  
and e j e c t a  b l a n k e t s .  The broad i n v e r s e  power law d i s t r i b u t i o n  
of c r a t e r  d iameters  induces  a very  broad d i s t r i b u t i o n  of 
e l e v a t i o n s  w i t h  ( a sympto t i c )  i n v e r s e  power l a w  t a i l s  which, i n  
some cases ,  can be e x p l i c i t l y  expressed .  Typica l  s u r f a c e  
e l e v a t i o n s  grow a t  l e a s t  as fas t  as t h e  age o f  t h e  s u r f a c e ,  
a l though the  volume o f  f ragmenta l  material grows more s lowly 
than  t h e  age of t he  s u r f a c e .  E s t i m a t e s  by Oberbeck and Quaide 
(1967) of  t he  d i s t r i b u t i o n  o f  t h e  t h i c k n e s s  o f  t h e  f ragmenta l  
s u r f a c e  layer  i n  Oceanus Proce l la rum are c o n s i s t e n t  w i t h  t h e  
theo ry .  
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DISTRIBUTION OF ELEVATIONS 
ON A CRATERED PLANETARY SURFACE 
1. INTRODUCTION AND SUMMARY 
Much of t h e  roughness of  c r a t e r e d  p l a n e t a r y  s u r f a c e s  
such as on t h e  Moon and Mars i s  i n  t h e  form of c r a t e r  bowls, r i m s ,  
and material  such as d u s t  b l a n k e t s ,  b locks  and boulders  e j e c t e d  
from c r a t e r s .  We w i l l  compute t h e  d i s t r i b u t i o n  of e l e v a t i o n s  
on a c r a t e r e d  s u r f a c e ,  cons ide r ing  only t h e  c o n t r i b u t i o n s  of 
c r a t e r  bowls, r i m s  and smooth e j e c t a  b l a n k e t s .  We assume tha t  
c r a t e r s  are d i s t r i b u t e d  a t  random on a n  i n i t i a l l y  p l ane  s u r f a c e ,  
w i t h  c r a t e r  shape and s i z e  d i s t r i b u t i o n  a p p r o p r i a t e  t o  t h e  
meteoro ida l  impact hypo thes i s .  (We do n o t  b e l i e v e  tha t  t h e  
impact hypothes is  i s  n e c e s s a r i l y  c o r r e c t ,  b u t  i t  i s  t h e  only 
hypothes is  w i t h  computable consequences.)  The s u r f a c e  e l e v a t i o n s  
have a "moving average" Poisson p o i n t  p rocess  r e p r e s e n t a t i o n ,  
w i t h  c r a t e r  shape as t h e  weight f u n c t i o n .  I n  some p a r t i c u l a r  
ca ses ,  i t  i s  p o s s i b l e  to compute the d i s t r i b u t i o n  of s u r f a c e  
e l e v a t i o n s  e x p l i c i t l y .  
The d i s t r i b u t i o n  of  s u r f a c e  e l e v a t i o n s  u s u a l l y  has 
the  form of a heavy- ta i led  i n v e r s e  power l a w .  The t y p i c a l  
s u r f a c e  e l e v a t i o n  (mean va lue ,  where it e x i s t s )  i n c r e a s e s  a t  
l e a s t  as fas t  as t h e  age o f  t h e  s u r f a c e .  The e l e v a t i o n s  in-  
c r e a s e  f a s t e r  t h a n  t h e  age of t h e  s u r f a c e  only i f  l a r g e  c r a t e r s  
a r e  s u f f i c i e n t l y  f r e q u e n t .  T h i s  f a c t  no twi ths tanding ,  the r a t e  
of p roduc t ion  of f ragmenta l  material must dec rease  w i t h  t i m e .  
Some of t h e  model p r e d i c t i o n s  are v e r i f i e d  by Oberbeck 
and Qua ide ' s  estimate (1967) of t h e  d i s t r i b u t i o n  of t h i c k n e s s  of  
t h e  l a y e r  of  f ragmenta l  material on Oceanus Procel larum. 
2 .  CRATER MODEL 
Some p h y s i c a l  j u s t i f i c a t i o n  f o r  t h e  model f u n c t i o n s  
assumed here i s  g iven  elsewhere (Marcus, 1968) .  A t  p r e s e n t  w e  
w i l l  s i m p l y  c o l l e c t  t h e  necessary  data. We assume t h a t ' c r a t e r  
bowls are p a r a b o l o i d a l  i n  shape. The i n i t i a l  r im-to-floor 
dep th  H(x) of  t h e  c r a t e r  bowl i s  a power f u n c t i o n  of c r a t e r  
r i m  diameter x (see Figure  3 ) ,  
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For c r a t e r s  of d iameters  up t o  about 5 to 15  k i lome te r s ,  w e  
seem to have 6 =  1 and C o  = 0.25 approximately.  
r i m  h e i g h t  R(x)  of  a c r a t e r  of diameter x (see Fig .  3) i s  t h e  
maximum height  above t h e  p r e - c r a t e r  mean l o c a l  s u r f a c e ,  and i s  
a l s o  assumed to be a power f u n c t i o n  
The i n i t i a l  
( R o  > 0 , h > 0 )  h R(x) = ROx 
w i t h  h = 1 and Ro = 0.085 approximately f o r ,  roughly ,  
1 0  meters < x < 20 k i lome te r s .  
poorly determined.  
c r a t e r s ,  b u t  f o r  t e r r e s t r i a l  exp los ion  c r a t e r s  we have only 
R o  = 0.055.  
on t h e  va lue  of C o .  
somewhat i r r e g u l a r  i n  shape, o f t e n  be ing  desc r ibed  as "hum- 
mocky". We fo l low t h e  sugges t ion  of  Car l son  and Roberts  (1963) 
t h a t  t h e  t h i c k n e s s  of  t h e  f i n e  material e j e c t e d  from t h e  c r a t e r  
can b e  desc r ibed  by a power l a w .  
l a y e r  formed a t  a d i s t a n c e  r from t h e  c e n t e r  of a c r a t e r  of 
diameter x i s  
The c o n s t a n t  Ro i s  ra ther  
The va lue  of Ro above i s  t aken  from l u n a r  
Lunar and t e r r e s t r i a l  c r a t e r s  ag ree  more c l o s e l y  
The  e x t e r i o r  r i m  of an  impact or explos ion  c r a t e r  i s  
The t h i c k n e s s  CB(x,r)  of a 
For l a r g e  exp los ion  c r a t e r s  we seem t o  have k = 4 approximately 
( 3  < k < 5 i n  almost a l l  c a s e s ) .  We use t h e  t e r m  " e j e c t a  
blanketk ra ther  l o o s e l y ,  s i n c e  the  e x t e r i o r  r i m  n e a r  t h e  c r a t e r  
w a l l  a l s o  i n c l u d e s  t h e  u p l i f t e d  s u r f a c e  underneath t he  fragmen- 
t a l  material. 
Upon combining (11, ( 2 1 ,  and ( 3 ) ,  w e  o b t a i n  a desc r ip -  
t i o n  of t h e  e l e v a t i o n  p r o f i l e  c ( x , r )  of a c r a t e r  o f  diameter x 
a t  a d i s t a n c e  r from i t s  c e n t e r :  
= ~ ~ x ' [ ( 2 r / x ) ~  - 11 + R ~ X  h 
i f  0 < r < x/2 - (4) 
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i f  x/2 < 
We b e l i e v e  t h i s  d e s c r i p t i o n  i s  u s e f u l l y  a c c u r a t e .  
The  c r a t e r s  are assumed t o  be d i s t r i b u t e d  randomly 
over  the  s u r f a c e ,  presumably ( b u t  no t  n e c e s s a r i l y )  a r e s u l t  
of me teo ro ida l  impacts .  The average  number of c r a t e r s  of  
diameter x p e r  u n i t  area p e r  u n i t  diameter i n t e r v a l  which have 
formed on t h e  s u r f a c e  i s  g iven  by an  expec ted  number d e n s i t y  
S ( x ) .  S ince  w e  are concerned here only  w i t h  mare s u r f a c e s ,  w e  
may assume t h a t  E(x) = F p ( x ) ,  where p ( x )  i s  t h e  p r o b a b i l i t y  
d e n s i t y  f u n c t i o n  of  new-born c r a t e r s  of diameter x, 
0 < xo < x < x 
c r a t e r s  of diameter xo to xm formed p e r  u n i t  area d u r i n g  t h e  
l i f e t i m e  of  t h e  s u r f a c e  (Marcus, 1 9 6 6 ) .  The p r o b a b i l i t y  den- 
s i t y  u s u a l l y  assumed i s  the  i n v e r s e  power l a w  
< m y  and F i s  t h e  cumula t ive  mean number of m -  - 
The r e l e v a n t  va lue  of  y i s  rather u n c e r t a i n .  For postmare 
c r a t e r s  y probably l i e s  between 2 . 6  and 3.4,  and may i n c r e a s e  
s lowly  w i t h  d e c r e a s i n g  x .  
Because the  va lue  o f  y f o r  postmare primary impact 
c r a t e r s  smaller t h a n  1 o r  2 k m  d i ame te r  i s  ra ther  large (between 
2 . 6  and 3.4) i t  may be p o s s i b l e  t o  i g n o r e ,  to a cons ide rab le  
e x t e n t ,  t h e  c o n t r i b u t i o n  to s u r f a c e  roughness from p o s s i b l e  
secondary impact c r a t e r s .  The d iameter  d i s t r i b u t i o n  fop  secondary 
craters from a g iven  p r i m a r y  i s ,  l i k e  ( 6 ) ,  an i n v e r s e  power 
law over  a l a r g e  range of diameters. But t he  popu la t ion  index 
of secondary c r a t e r s  (cor responding  to y i n  ( 6 )  i s  some number 
w which i s  i n  g e n e r a l  d i f f e r e n t  from y .  The va lue  of  w i s  
approximately 3 to 3.5 (Marcus, 1 9 6 6 ) .  Walker (1967) has sugges ted  
w = 3.34 o r  w = 3.56. 
If y i s  l a r g e r  t h a n  w, t h e n  a t  a l l  diameters of  i n t e r e s t  
he re  most of t h e  c r a t e r s  w i l l  be p r imary  impact c r a t e r s ;  i f  w i s  
l a r g e r  t h a n  y ,  t h e n  secondary c r a t e r s  w i l l  predominate.  Because 
y i s  comparable to w ,  i f  not  a c t u a l l y  l a r g e r ,  w e  can no longe r  
accept  t he  s t a t emen t s  by Marcus (1966) or Walker (1967) t h a t  
most l u n a r  c r a t e r s  of 50 t o  500 meters diameter are of  secondary 
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impact o r  i n t e r n a l  o r i g i n .  Recent unpubl ished s t u d i e s  by 
D. Gaul t  ( p e r s o n a l  communication, A p r i l  1 2 ,  1968)  a l s o  sugges t  
t h a t ,  except  f o r  S t a t i s t i c a l l y  rare c l u s t e r s  o f  secondary 
c r a t e r s ,  most small c r a t e r s  on the  l u n a r  maria are o f  primary 
impact o r i g i n .  Furthermore,  c r a t e r  morphology does n o t  
uniquely p o i n t  t o  t he  o r i g i n  o f  a c r a t e r .  The " s o f t "  morphology 
which some a u t h o r s  b e l i e v e  i n d i c a t i v e  o f  secondary impact o r  
i n t e r n a l  o r i g i n  can a l s o  appea r  i n  o l d  primary c r a t e r s  which 
have s u f f e r e d  from slumping and micrometeor e r o s i o n  (Ross, 1968) .  
3.  TOTAL DEPTH EXCAVATED BY CRATERS 
We may compute the t o t a l  depth  Z C ( R )  ... excavated  by 
c ra te rs  which cover  t h e  p o i n t  R by assuming a l i n e a r  super-  
p o s i t i o n  (Marcus, 1968) .  * 
where r C ( x , r )  i s  the  e l e v a t i o n  dec rease  due t o  t he  format ion  
of a c r a t e r  of  diameter x a t  a d i s t a n c e  r = ( l e n g t h  of r )  - from 
R .  - The random v a r i a b l e  dN(x,R - + r )  * i s  t h e  number o f  c r a t e r s  
of diameter x t o  x + dx formed i n  t h e  small r e g i o n  d ( R  + r )  
sur rounding  R + r .  Assuming t h a t  t he  secondary c r a t e r  c o n t r i -  
b u t i o n  t o  s u r f a c e  roughness i s  n e g l i g i b l e ,  w e  may j u s t i f i a b l y  
suppose t ha t  dN(x,R + r )  i s  a Poisson  p o i n t  p rocess  w i t h  mean 
va lue  S(x)dx  d(Fj + F) ,  where S(x)  i s  t h e  expec ted  number den- 
s i t y  of c r a t e r s  of  d iameter  x. With the r e p r e s e n t a t i o n  ( 7 )  
we f i n d  the  Z C ( R )  - has an  " i n f i n i t e l y  d i v i s i b l e "  d i s t r i b u t i o n  
l a w .  
a c h a r a c t e r i s t i c  f u n c t i o n  
... * 
The p r o b a b i l i t y  d e n s i t y  f u n c t i o n  of e l e v a t i o n s  p c ( z )  has 
BELLCOMM, INC. - 5 -  
Our model f u n c t i o n s  from ( 4 )  and ( 6 )  are 
and 
= o  o the rwise  (10) 
After  s t r a i g h t f o r w a r d  r e d u c t i o n s ,  ( 8 1 ,  ( g ) ,  and ( 1 0 )  i m p l y  
h 
- 1 - iuROxh] 
h 6 
iu(Rox -Cox ) - 1 - iu(Rox h -Cox6)]}\ 
The c a l c u l a t i o n s  a r e  g r e a t l y  s i m p l i f i e d  i f  w e  can 
al low xm + 0 3 ,  x 
which i s  p h y s i c a l l y  probable .  
+ 0. The f i r s t  i s  p o s s i b l e  only i f  y > 2 0 
I n  o r d e r  t o  p e r m i t  xo -+ 0 ,  w e  r e q u i r e  
y < 2 + h  , y < 2 + 6  
F xoY = c , cons tan t  l i m  xo+o 
BELLCOMM, INC. - 6 -  
L e t  us  f o r  t h e  moment a c c e p t  ( 1 2 )  and ( 1 3 ) .  
The c a l c u l a t i o n s  are f u r t h e r  s i m p l i f i e d  by assuming 
tha t  
That c r a t e r  r i m s  and bowls should  s c a l e  i n  t h e  same manner i s  
p l a u s i b l e  f o r  c r a t e r s  of up t o  about  5 t o  15 k i l o m e t e r s  diame- 
t e r .  
With t h e  t r a n s f o r m a t i o n s  
- 1 a + l  . ya+2 [e-iuy - 1 + i u y 9 )  (15) 
( C0-Ro) 
( w e  assume C > R o ) .  
i n  (151, see Gnedenko and Kolmogorov ( 1 9 5 4 ) .  We o b t a i n  a f te r  
some r e d u c t i o n s  
For e v a l u a t i o n  of t h e  i n t e g r a l s  appea r ing  0 
(P,(u) = e x p ( - ~ ~ l u l ~  ~1 - i B c  s g n ( u ) t a n ( r a / 2 ) 1 )  ( 1 7 )  
where 
~1 = ( y - 2 ) / h  
BC = [Ro a + l  - (Co-RO) ]/[Ro + (Co-Ro) o l + l  
(18) 
sgn(u) = +1 i f  u>O, sgn(u) = -1 i f  u<O 
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The parameters s a t i s f y  
The c h a r a c t e r i s t i c  f u n c t i o n  $,(u)  i n  ( 1 7 )  i s  o f  known 
t y p e ,  t h a t  of  a s t ab le  d i s t r i b u t i o n  l a w  (Gnedenko and Kolmogorov, 
1954). Unfor tuna te ly ,  i t  i s  no t  p o s s i b l e  t o  o b t a i n  e x p l i c i t l y  
t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  cor responding  t o  $,(u) except  
f o r  a f e w  s p e c i f i c  c a s e s .  
a = 1 / 2 ,  when (Zo lo ta rev ,  1954) 
-
The only  case  f o r  g e n e r a l  6, i s  
2 - 2 i w ( w j l )  
p,(z) = Real p a r t  of(* T Z  [G e-w 
where 
a = 1 / 2  9 X c  = 1 
W ( W )  = e [' exp(V2)dV 
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T h i s  formula i s  n o t  t o o  u s e f u l  except  f o r  BC = 0 ,  when w e  can 
expres s  p c ( z )  i n  terms o f  F r e s n e l  i n t e g r a l s .  
r e s u l t s  f o r  B C  = 1 are l i s t e d  i n  t he  nex t  s e c t i o n ,  b u t  are 
n o t  r e l e v a n t  here.  
Some e x p l i c i t  
Some asymptot ic  r e s u l t s  are a v a i l a b l e  (Skorohod, 
1954) which are of i n t e r e s t .  
-1 < 13 < 1, we have 
Assuming h C  = 1, 0 < a < 1 and 
C 
I l l 2 (  2 1 2 ITa s i n  - + a r c t a n  eC t a n  E) r(l+a)[l + B~ 2 t an2(na /2>  P C ( Z >  = Ita 
IT2 
The d i s t r i b u t i o n  of Zc i s  t h u s  a heavy- t a i l ed  i n v e r s e  power 
l a w  f o r  l a r g e  121, skewed toward p o s i t i v e  o r  n e g a t i v e  va lues  
of  z r e s p e c t i v e l y ,  accord ing  as BC > 0 ( C o  < 2RO) o r  
We cannot permit  xo + 0 when a d > 1. However, i f  
a > 1, w e  can compute t he  mean va lue  E{ZC) due t o  c r a t e r s  
( t h i s  does n o t  e x i s t  if a - < 1). We f i n d  from (11) t h a t  f o r  
3 x + -  in 
h 
E I Z C )  = -i - d y-2-h - co y-2-6 xo6] ( 2 5 )  
du B C ( u ) l  u= 0 
where 
y > 2 + h  
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The unc ra t e red  par t  of t h e  s u r f a c e  has Zc = 0 w i t h  
p r o b a b i l i t y  e-A, where 
assuming ( 1 0 ) .  But we must 
t hen  have A + m as xo + 0 .  Thus, under t h e  c o n d i t i o n s  under 
which ( 1 7 )  was de r ived  (0 < a < l), w i t h  p r o b a b i l i t y  one t h e  
s u r f a c e  i s  covered by c r a t e r s  completely.  
S ince  y > 2, w e  can l e t  xm + m. 
I n  these c a l c u l a t i o n s  w e  have ignored  a p o s s i b l y  
important  d i f f i c u l t y .  We have i m p l i c i t l y  assumed t h a t  when- 
e v e r  a c r a t e r  was formed a t  R t r ,  - - i t  changed t h e  s u r f a c e  
e l e v a t i o n  a t  R by t he  same amount, whatever t h e  e l e v a t i o n  
d i f f e r e n c e  between 5 and Rtr a t  t h e  t i m e  t h e  c r a t e r  i s  
formed. T h e  v a l i d i t y  of  t h i s  approximation depends to some 
e x t e n t  on the  va lue  of a. Pre l iminary  s t u d i e s  (Marcus, 1968) 
of t he  covar iance  f u n c t i o n  on a c r a t e r e d  s u r f a c e  show tha t  i f  
0 < a 1.1, the  s u r f a c e  e l e v a t i o n s  are s i g n i f i c a n t l y  c o r r e l a t e d  
( c E r r e l a t i o n  c o e f f i c i e n t  0 . 5 )  a t  d i s t a n c e s  up to about  20% of  
t h e  diameter of t h e  l a r g e s t  c r a t e r  a f f e c t i n g  t h e  roughness of  
t h e  r e g i o n ,  bu t  t h i s  d i s t a n c e  f a l l s  to about 3% of t h e  l a r g e s t  
c r a t e r  diameter f o r  a = 2 .  Thus the  e l e v a t i o n  d i f f e r e n c e  w i l l  
probably be small  i f  a - < 1, b u t  may be a p p r e c i a b l e  i f  a > 1. 
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4 .  TOTAL HEIGHT OF EJECTA BLANKETS 
Our u s u a l  assumption of l i n e a r  s u p e r p o s i t i o n  i s  
more j u s t i f i e d  f o r  the  b u i l d i n g  up of  a f ragmenta l  s u r f a c e  
l aye r  by accumulat ion of  e j e c t a  b l a n k e t s  t h a n  it i s  f o r  the  
a d d i t i o n  of c r a t e r  bowls .  With t h e  same assumptions as i n  ( 7 ) ,  
w e  r e p r e s e n t  t he  e l e v a t i o n  i n c r e a s e  Z B ( R )  - a t  p o i n t  R due t o  
e j e c t a  b l a n k e t  format ion  by 
where ~ ~ ( x , r )  i s  t h e  b l a n k e t  t h i c k n e s s  from a c r a t e r  o f  diame- 
t e r  x formed a d i s t a n c e  r = ( l e n g t h  of  r )  - away from R .  .., 
denote  t h e  p r o b a b i l i t y  d e n s i t y  of  ZB by  p,(Z), and t h e  charac-  
t e r i s t i c  func t ion  cor responding  to pB(Z) by 
We 
r -  
We use < ( x )  de f ined  by ( 1 0 )  and 
i f  r > x/2 h k = ROx ( x / 2 r )  
We o b t a i n  from ( 3 0 ) ,  a f t e r  some r e d u c t i o n s ,  
( 5 )  
h 
RoX [eiuy-l]dy 
2 / k + l  
Y 
dx 
( ~ - 2 - 2 h / k ) + l  
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o r ,  i f  y 2 + 2h/k, 
This r e s u l t  is not of  g r e a t  use as i t  s t a n d s .  Appreciable  
To achieve  t h e  f i r s t ,  w e  r e q u i r e  
s i m p l i f i c a t i o n s  are p o s s i b l e  i f  w e  can take xm -f ~0 , xo + 0. 
y > 2 + 2 h / k  , k > 2  (33)  
f rom which w e  o b t a i n  
2+(2h/k) 2/k 




R ~ X ~  [,iuy 
Y 
I n  o r d e r  t o  assume xo + 0 w e  r e q u i r e  a l s o  
y < 2 + h  (35)  
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Since we may validly assume 
F = C/xoy 
for some constant C, (34) and (35) imply 
lim 
xO+O $,(u> = exp(-hBlula[l - i sgn(u)tan(na/2)]) (36) 
x -fa m 
where from (33) and (35) 
(see, e.g., Gnedenko and Kolmogorov (1954) for evaluation of 
the integral in (34)). 
The limiting characteristic function (36) can be 
inverted explicitly only if ~1 = l / 3 ,  1/2, 2/3. Assuming we 
have a depth scale on which A B  = 1, the probability density 
pB(Z) corresponding to (36), i.e., f o r  which 
is, for z > 0, (Zolotarev, 1954) 
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' e  f o r  c1 = 1/2 -1/2z 1 '€3'') = 23/2 (39)  
and pB(Z) = 0 f o r  z - < 0 ,  a l l  a .  
and W ( x )  a Whittaker func t ion .  The d e n s i t y  (39 )  i s  shown 
i n  F ig .  1. However, w e  know t h a t  f o r  any a ,  0 < c1 < 1, 
p,(Z) has,  f o r  large Z ,  t he  c h a r a c t e r  of an  i n v e r s e  power law 
w i t h  index  a .  E x p l i c i t l y  (Skorohod, 1954) 
Ka(x) i s  a MacDonald f u n c t i o n  
a ,b  
f o r  l a r g e  Z ,  and A B  = 1. 
The heavy i n v e r s e  power l a w  t a i l  (41) occur s  only 
because w e  assume x -+ m .  T h i s  means t h a t  a g iven  p o i n t  on 
t h e  s u r f a c e  has a f i n i t e  ( i f  small) chance of be ing  covered 
by  an e j e c t a  b l a n k e t  of  any t h i c k n e s s  whatever ,  no matter how 
l a r g e .  There must t hen  be some ( though n o t  many) p l a c e s  on 
the  s u r f a c e  which have been g r e a t l y  b u i l t  up by c r a t e r  forma- 
t i o n .  We i d e n t i f y  these w i t h  t he  e x t e r i o r  r i m s  o f  t h e  la rges t  
c r a t e r s .  
m 
If y > - 2 + h,  w e  cannot permi t  xo + 0 wi thout  changing 
t h e  model. 
diameter f o r  which c B ( x , r )  i s  de f ined  by ( 3 ) .  
t han  xl, w e  would r e d e f i n e  c B ( x , r )  t o  take i n t o  account  t h e  
r a p i d  r e l a t i v e  decrease  i n  c r a t e r  r i m  height  and r e l a t i v e  
t h i n n i n g  o u t  o f  the  e j e c t a  b l anke t  w i t h  dec reas ing  c r a t e r  diameter. 
The model func t ions  are at p r e s e n t  t o o  poor ly  de f ined  t o  make 
these computations worthwhile;  a reasonable  choice  f o r  xl, however, 
i s  about 5 t o  1 0  meters (based on unpubl ished data o f  H.  J .  Moore). 
I n  t h i s  ca se  w e  could  f i x  some s i z e  x1 as the  smallest 
For  c r a t e r s  smaller 
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On the  o t h e r  hand, if y > 2 + h t h e n  Z has a f i n i t e  
( T h i s  i s  n o t  t r u e  i f  y < 2 + h . )  We o b t a i n  
B 
mean va lue  E{ZB).  
from ( 3 2 )  w i t h  xo > 0 ,  
- 
A t e s t  of t h e  r e a s o n a b i l i t y  of the  model i s  whether 
or no t  t he  " t y p i c a l "  t o t a l  b l anke t  t h i c k n e s s  i s  of a reasonable  
numer ica l  s i z e ,  where t h e  " t y p i c a l "  t h i ckness  i s  A B  
a<l and E(ZB) i f  a>l. 
mare, de f ined  by 
l/a if 
We cons ide r  a t y p i c a l  l i g h t l y  c r a t e r e d  
F = 0 . 2  c r a t e r s  p e r  squa re  meter l a r g e r  t han  
one meter  i n  d iameter  
h = l  
Ro = 0.085 
The r e s u l t s  are shown i n  F igure  2 .  Except f o r  t h e  unavoidable  
( i n  the  model) s i n g u l a r i t i e s  a t  y = 2.5  = 2+2h/k and 
y = 3 = 2+h, t h e  b l anke t  t h i ckness  i s  numer ica l ly  p l a u s i b l e .  
For 2 . 6 7 ~ ~ ~ 2 . 9 7 ,  t he  t y p i c a l  b l anke t  t h i ckness  v a r i e s  
f rom 2.6 t o  7 meters, which i s  r easonab le  ( a t  y = 2.6  w e  o b t a i n  
17 .4  meters, which i s  ra ther  l a rge ) .  For  y>3 w e  must sp,ecify 
t h e  minimum diameter xo a t  which c r a t e r s  can e f f e c t i v e l y  
rework t h e  s u r f a c e .  S ince  a lmost  c e r t a i n l y  1 cm<x <lo m, 
t h e  average  b l anke t  t h i ckness  i s  a lmost  c e r t a i n l y  between 1 2  cm 
and 7 m f o r  3 . 0 3 < ~ < 3 . 5 ,  and i s  more l i k e l y  between 37 cm and 
4 m. The model i s ,  t h e r e f o r e ,  n o t  g r o s s l y  i n a c c u r a t e .  
0 
From t he  curves  i n  F igu re  1, i t  i s  ev iden t  t h a t  
p o s i t i v e  s t a b l e  laws w i t h  c c < l  are s t r o n g l y  concent ra ted  around 
t h e i r  peak  o r  "mode". 
r a p i d l y  w i t h  i n c r e a s i n g  a. Thus, ano the r  measure of  t h e  
t h e  c e n t r a l  l o c a t i o n  of t h e  d i s t r i b u t i o n  of  ZB i s  
We no te  t h a t  t h e  mode Mo(a) i n c r e a s e s  
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This  i s  a l s o  p l o t t e d  i n  F igure  2 .  The r e s u l t s  are aga in  
reasonable ,  r ang ing  from 4 t o  1 0  meters f o r  2.6<01<2.9. 
5. TOTAL SURFACE ELEVATION 
The s u r f a c e  e l e v a t i o n  a t  R ,  Z ( R ) ,  may be r e p r e s e n t e d  
as the  sum of  a l l  t h e  c r a t e r i n g  even t s  which have a f f e c t e d  t h e  
p o i n t  R 
- - 
- 
where c ( x , r )  = cB(x , r )  t c c ( x , r ) ,  as i n  ( 4 ) .  
f i e s  t h a t  t h e  random v a r i a b l e s  ZB and Z c  are s t a t i s t i c a l l y  
independent ,  s i n c e  t h e y  p i c k  up only  t h e  even t s  f o r  which 
r > x/2 o r  r < x/2, r e s p e c t i v e l y .  The c h a r a c t e r i s t i c  f u n c t i o n  
o f  Z i s  then  s imply 
One eas i ly  v e r i -  
I n  t he  probable  event  t h a t  c r a t e r  r i m s  and bowls 
s c a l e  s i m i l a r l y  so  t h a t  h = 6 ,  t h e  d i s t r i b u t i o n  of  Z i s  
r e a d i l y  desc r ibed  i n  some de t a i l .  If 2/k < a = ( y - 2 ) / h  < 1, 
then  a l lowing  xo -+ 0 and xm +- Q) y i e l d s ,  from ( 1 7 )  and (36)  
where 
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T h i s  i s  a l s o  a s tab le  d i s t r i b u t i o n  l a w ,  and a l l  the remarks 
made about Z c  f o r  0 < a < 1 apply e q u a l l y  w e l l  t o  Z ,  w i t h  A 
r e p l a c i n g  X c  and B r e p l a c i n g  B C .  
e l e v a t i o n  d e n s i t i e s  (F igu re  5 )  by Rowan and McCauley (1966)  and 
Marcus (1967)  show a heavy- ta i led  and p o s i t i v e l y  skewed shape 
l i k e  t h e  d e n s i t i e s  shown i n  F igu re  1. 
Some p re l imina ry  estimated 
I n  the  event  t h a t  C( > 1, t h e  mean va lue  of  Z i s  
j u s t  (assuming h = 6 )  
1 ryF x 02+h [ 4 (k-1) y-2-h) (k-27 RO - '0 E I Z I  = 4 (  (47) 
from (27) and (42). T h i s  i s  p o s i t i v e  i f  and only i f  
4(k-1) R > Co; b u t  u s ing  the  data of S e c t i o n  2 ,  w i t h  k = 4, (k-2)~ 0 
Ro = 0.085 and C o  = 0.25, w e  have indeed 
4- 3 - (0.085) = 0.51 > 0.25, so t ha t  t he  average  s u r f a c e  eleva-  
t i o n  i s  i n c r e a s i n g  wi th  t i m e !  I n  f a c t ,  E i Z I  i s  p o s i t i v e  i f  
Ro > C 0 / 6  = 0.0417. 
2 
6 .  TEMPORAL BEHAVIOR O F  SURFACE ELEVATION 
We have seen  t h a t  t he  s c a l e  of  s u r f a c e  r e l i e f  i s  
c h a r a c t e r i z e d  by the  parameter  A i n  the  case  t h a t  a < 1 ( 4 6 )  
o r  by the mean va lue  E{ZI  i n  t he  case  a > 1 (47). Both t h e  
q u a n t i t i e s  A and E{Z} are p r o p o r t i o n a l  t o  t h e  cumulative 
c r a t e r  f l u x  ( F  o r  C ) .  However, t h e  cumulat ive f l u x  i s  roughly 
p r o p o r t i o n a l  t o  t h e  age T of t h e  s u r f a c e  s i n c e  t h e  f l u x  ra te  
has probably been only s lowly  vary ing  w i t h  t i m e ,  i f  no t  
a c t u a l l y  cons t an t .  A s  u sua l ,  w e  must now d i s t i n g u i s h  t h e  
cases  a < 1 and a > 1. 
If a < 1, t h e  q u a n t i t y  A (whose dimension i s  
l e n g t h )  c h a r a c t e r i z e s  t h e  e x t e n t  t o  which t h e  d i s t r i b u t i o n  of  
Z i s  sp read  ou t .  S ince  A i s  p r o p o r t i o n a l  to t h e  age T of t h e  - .  
s u r f a c e ,  t h e  d i s p e r s i o n  i s  p r o p o r t i o n a l  t o  T " ~ .  
l/a of the  c e n t e r  of  the  d i s t r i b u t i o n  i s  c h a r a c t e r i z e d  by 8 A 
( t h e  unimodal i ty  of  t h e  s table  d i s t r i b u t i o n s  has n o t  been 
es tab l i shed ,  bu t  i s  p r o b a b l e ) .  Using the data of S e c t i o n  2, 
h = 6 =  1, C o  = 0.25, w e  f i n d  t ha t  f o r  R o  = 0.085, B decreases  
from 1 . 0  t o  0.51 as y i n c r e a s e s  from 2.5 t o  3 .0  ( a  i n c r e a s e s  
from 0.5 t o  1 . 0 ) .  For Ro = 0.050, B dec reases  from 1 . 0  t o  
0.44 as y i n c r e a s e s  from 2.5 t o  3 .0 .  The r e l a t i v e l y  l a r g e  
p o s i t i v e  va lue  of B establishes the tendency of t h e  s u r f a c e  t o  
grow upward r e l a t i v e l y  r a p i d l y .  T h i s  appears  t o  be an in-  
he ren t  p a r t  of t h e  model, n o t  due t o  a volume d e f e c t ,  s i n c e  
The l o c a t i o n  
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elementary c a l c u l a t i o n s  show t h a t  t he  r a t i o  of volume of t h e  
c r a t e r  r i m  ( b o t h  i n t e r i o r  and e x t e r i o r )  t o  volume of t h e  t r u e  
c r a t e r  i n c r e a s e s  from 0.56 when Ro = 0.085 to 1.00  when 
Ro = 0.0625, and t o  1 .46  when Ro = 0.050. 
as T ” ~ ,  faster t h a n  t h e  i n c r e a s i n g  age of  t h e  s u r f a c e .  The 
r eason  f o r  t h i s  p e c u l i a r  behav io r  i s  t h a t  t h e  o l d e r  a p o r t i o n  
of t h e  s u r f a c e ,  the  g r e a t e r  i t s  chance of  be ing  covered by a 
r e a l l y  t h i c k  b l a n k e t  o f  e j e c t a  o r  r i d i n g  up on a r e a l l y  l a r g e  
r i m .  The c o n d i t i o n s  f o r  t h i s  are t h a t  Ro/Co be  s u f f i c i e n t l y  
l a r g e ,  and t h a t  l a r g e  c r a t e r s  are s u f f i c i e n t l y  f r e q u e n t  
( y  < 2 + h and xm -t w ) .  
We n o t e  f u r t h e r  t ha t  s i n c e  a < 1, the  e l e v a t i o n  i n c r e a s e s  
I n  t h e  c a s e  01 > 1 w e  f a c e  a d i f f e r e n t  s i t u a t i o n .  
A s  (47) shows, t h e  average  v a l u e  of t h e  s u r f a c e  e l e v a t i o n  i s  
p r o p o r t i o n a l  t o  t he  age of t h e  s u r f a c e .  The d i s p e r s i o n  of  
t h e  d i s t r i b u t i o n  i s  a g a i n  of t h e  o r d e r  of T w i t h  
a = ( y - 2 ) / h  > 1; t h u s ,  t h e  d i s t r i b u t i o n  of Z becomes r e l a t i v e l y  
more concen t r a t ed  around i t s  mean va lue  w i t h  i n c r e a s i n g  age  of  
t h e  s u r f a c e .  The tendency of t h e  s u r f a c e  t o  grow upwards i s  
even more marked i n  this case  t h a n  f o r  a < 1, because o f  grow- 
i n g  r e l a t i v e  c o n c e n t r a t i o n  of Z around i t s  i n c r e a s i n g  mean 
va lue  E{ZI. 
We n o t e  t h a t  t h i s  a n a l y s i s  has r e l a t i v e l y  l i t t l e  t o  
do w i t h  t h e  r a t e  of i n c r e a s e  of t he  volume of f r agmen ta l  
material on t h e  s u r f a c e .  We c o n s i d e r  t h i s  problem nex t .  
7 .  RATE OF PRODUCTION OF FRAGMENTAL MATERIAL 
I 
We p r e v i o u s l y  i d e n t i f i e d  t h e  f r agmen ta l  material pro- 
duced by a c r a t e r  w i t h  t h e  material i n  t h e  e x t e r i o r  r i m ,  
i g n o r i n g  bo th  t h e  f ragmenta l  material w i t h i n  t he  c r a t e r  ( f a l l -  
back and b r e c c i a t e d  material) and t h e  u p l i f t e d  s o l i d  s u b s t r a t e  
( i f  any)  under t h e  e x t e r i o r  r i m .  It d i d  no t  matter t h e n  
whether t h e  f ragmenta l  material  e j e c t e d  from a c r a t e r  had been 
f r e s h l y  excavated or whether i t  was o l d  f r agmen ta l  material  
be ing  reworked. T h i s  d i s t i n c t i o n  i s  e s s e n t i a l ,  as has been 
noted  by o t h e r s  (Orrok ( 1 9 6 4 1 ,  Meloy and Faus t  (1965) )  who 
have estimated t h e  amount o f  f r agmen ta l  material produced by 
impacts  du r ing  l u n a r  h i s t o r y .  We make (as d i d  t h e y )  t h e  
assumption t h a t  c r a t e r  shape i s  t h e  same whatever t he  n a t u r e  
of the  medium i n  which the  c r a t e r  i s  formed, We a l s o  now 
assume h = 6 = 1. 
A p a r a b o l o i d a l  c r a t e r  of d iameter  x a c r o s s  t h e  r i m  
L e t  V(x ,z )  be t h e  volume of material excavated 
c r e s t  has diameter x ( l  - R O / C O )  
c C ( x , r )  = 0 .  
a t  t h e  p o i n t  a t  which 
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by a c r a t e r  o f  r i m  diameter x whose c e n t e r  i s  on a p o i n t  a t  
which t h e  t h i c k n e s s  o f  the  f ragmenta l  l a y e r  i s  z. We assume 
t h a t  t h e  t h i c k n e s s  of the f ragmenta l  l a y e r  v a r i e s  s u f f i c i e n t l y  
s lowly  w i t h  t he  d i s t a n c e  t h a t  t h e  f ragmenta l  s u r f a c e  and i t s  
cohes ive  s u b s t r a t e  are l o c a l l y  f l a t ,  approximate ly .  Then (see 
F igure  3 )  
V(x,z)  = 0 i f  z > (CO-RO)x 
Now l e t  v F ( t )  be t h e  volume of f ragmenta l  material produced 
p e r  u n i t  area p e r  u n i t  t ime  a t  t i m e  t, and l e t  p F ( z ; t )  be t h e  
p r o b a b i l i t y  d e n s i t y  f u n c t i o n  of t he  t h i c k n e s s  of t h e  fragmen- 
t a l  s u r f a c e  a t  t i m e  t. Let f ( t )  = X F  be t h e  mean number of  
c r a t e r s  formed p e r  u n i t  a r e a  p e r  u n i t  t i m e  a t  t i m e  t .  Then 
d 
I n  o r d e r  t o  c o r r e c t l y  compute p F ( z ; t )  w e  must take 
i n t o  account  t h e  a c t u a l  t i m e  sequence of t h e  format ion  of 
c r a t e r s  and b l a n k e t s  a t  a p o i n t .  T h i s  i s  no t  an  a l t o g e t h e r  
s t r a i g h t f o r w a r d  problem and w e  w i l l  de fer  cons ide r ing  i t  f o r  
t h e  t i m e  be ing .  It i s  ev iden t  t ha t  on a l i g h t l y  c r a t e r e d  
s u r f a c e ,  most o f  t h e  f ragmenta l  material has been produeed by a 
f e w  r e l a t i v e l y  rare large c r a t e r s  which themselves  cover  only  a 
s m a l l  area on t h e  su r face .  Consequently,  o u t s i d e  the  [assumed 
r a r e )  l a r g e  c r a t e r s ,  we can assume 
a l though i n  f a c t  t he  t h i c k n e s s  ZF of t h e  f ragmenta l  l a y e r  i s  
no t  g r e a t e r  t han  ZB, and i s  u s u a l l y  l e s s .  
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It is evident from ( 4 9 )  that v,(t) is a decreasing 
function of time, since the bulk of the probability in p (z;t) 
moves in the direction of increasing z, thus decreasing V(x,z), 
with increasing time t. 
assuming (501, ran into difficulties. 
volume of fragmental material is contributed-by large craters, 
consequently we cannot assume xm + 00 as this leads to a 
power law density (41) for ZB. 
but do not have any explicit results for p,(z). 
Faust (1965) is to equate the average volume of material 
produced by a crater of diameter x at time t 
F 
Attempts to work out explicit examples, 
If a < 1, most of the 
If a > 1 we can allow xm -+ 0 3 ,  
The procedure used by Orrok (1964) and Meloy and 
with the volume V(x,z(t)) of material produced by the impact 
of a crater of diameter x into a layer of thickness 
z(t) is the thickness achieved by smoothing the whole volume 
of fragmental material over the whole surface. With additional 
assumptions, v,(t) can be found from this approach. The author 
believes that the more precise formulation (49) merits further 
study, in spite of its greater mathematical complexity. How- 
ever, our usual concern is with the distribution of the thick- 
ness of the fragmental layer, which must necessarily take into 
account the reworking and redeposition of material by crater 
formation (perhaps by the methods of Section 4). 
8. SELECTION EFFECTS IN THE OBERBECK AND QUAIDE METHOD 
The distribution of the thickness ZF of the fragmen- 
tal surface layer in Oceanus Procellarum has been estimated by 
Oberbeck and Quaide (1967) from crater morphology. Laboratory 
simulations show that if a crater of diameter x is formed in a 
layer of fragmental material of thickness alx to a2x, the 
crater morphology is: 
BELLCOMM, INC. - 20 - 
( a )  
( b )  
( e )  
"Normal" i f  a1 = 0.236 and a2 = CO. 
"Flat-bottom" i f  a1 = 0.159 and a2 = 0.236. 
"Cen t ra l  mound'' i f  a1 = 0.108 and a2 = 0.159. 
( d )  "Concentr ic  r i n g "  i f  a2 = 0 .108 .  
The lower l i m i t  a1 f o r  c o n c e n t r i c  r i n g  geometry may be on the  
o r d e r  o f  0 . 0 1  t o  0 .04 ,  s i n c e  t h e  experiments  extended only t o  
a r e l a t i v e  l a y e r  t h i c k n e s s  of 0.055. It i s  c l e a r  t h a t  as 
a1 -+ 0 c r a t e r  shape passes i n t o  an e s s e n t i a l l y  normal or 
c o n i c a l  geometry. 
I n  comparing t h e  l a b o r a t o r y  s t u d i e s  w i t h  t h e  Moon, 
Oberbeck and Quaide used only "fresh" c r a t e r s ,  a l though i t  i s  
l i k e l y  tha t  t h e  d e f i n i t i o n  of "fresh" v a r i e s  s l i g h t l y  w i t h  
d i f f e r e n t  diameters. 
c r a t e r s  of d iameter  x. 
d e n s i t y  o f  f resh  c r a t e m  o f ' m o ~ k o l o g i c a ' l  type m.  The 
s e l e c t i o n  e f f e c t  occurs  i n  t he  fo l lowing  way: A c r a t e r  o f  
s i z e  x w i l l  be of morphological  t ype  m only i f  it happens t o  
form a t  a p o i n t  a t  which al(m)x < Z F  < a 2 ( m ) ;  o the rwise  i t  w i l l  
have some o t h e r  morphology. Pools of f ragmenta l  material of 
g iven  t h i c k n e s s  are d i s t r i b u t e d  more o r  less  randomly a c r o s s  
t h e  s u r f a c e ,  as are t h e  "fresh" c r a t e r s ,  and of  course  they  are 
q u i t e  independent o f  each o t h e r .  We t h u s  compute 
L e t  (,(XI b e  t h e  number d e n s i t y  of fresh 
Denote by (m)So(x) the expected number 
I f  x i s  s u f f i c i e n t l y  l a r g e ,  s o  i s  l a y e r  t h i c k n e s s  al(m)x. 
Our a n a l y s i s  of S e c t i o n  4 ,  e s p e c i a l l y  (4l), sugges t s  t h a t  f o r  
l a r g e  z ,  ZB and presumably a l s o  Z 
d i s t r i b u t i o n  w i t h  index Thus, approximately f o r  some 
cons t an t  C ' ,  
have a n  i n v e r s e  power l a w  F 
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provided  al(m)x i s  s u f f i c i e n t l y  l a r g e .  
tha t  f o r  f r e s h  c r a t e r s  
However, ( 6 )  i m p l i e s  
f o r  some small cons t an t  C". 
l a r g e  
Thus,  f o r  al(m)x s u f f i c i e n t l y  
o r  
(Number of  c r a t e r s  p e r  u n i t  a r e a ,  o f  t y p e  m,  
w i t h  d iameter  x o r  l a r g e r )  = C T t t ( m ) / x  ( 56 )  "+Y 
where 
I n  F igure  4 we compare t h e  p r e d i c t i o n  (56 )  w i t h  data 
f rom Table 1 i n  Oberbeck and Quaide.  The i n v e r s e  power l a w  
(56)  g ives  an adequate  f i t  t o  t h e  d a t a  f o r  x i n  t h e  range 
40-100 meters ,  f o r  "normal" and "f la t -bot tom" ( i n c l u d i n g  
" c e n t r a l  mound") c r a t e r s ,  and f o r  "concen t r i c  r i n g "  c r a t e r s  
l a r g e r  t han  70 meters .  We may t h u s  conclude that  ZF has an 
i n v e r s e  power law d i s t r i b u t i o n  i n  Oceanus Procel larum, .at  
l e a s t  f o r  ZF > 6 meters .  
cumulat ive number d e n s i t y  i s  approximately 
Furthermore,  t h e  s l o p e  on t h e  
a + y = 4  (57)  
Reca l l i ng  t h a t  ct = ( y - 2 ) / h ,  and assuming h = 1, we have 
r = 3  3 a = l  
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which i s  c e r t a i n l y  w i t h i n  t h e  range of p o s s i b l e  va lues  of y. 
small ones,  t h e  approximation ( 5 2 )  f a i l s .  Large c r a t e r s  a r e  
formed almost wholly i n  t h e  cohesive s u b s t r a t e ,  and small 
c r a t e r s  a r e  formed w h o l l y  i n  t h e  f ragmenta l  layer,  t h u s  must 
show e s s e n t i a l l y  "normal" morphology except  f o r  small 
d i f f e r e n c e s  cor responding  t o  the d i f f e r e n c e s  i n  d e n s i t y  and 
cohesion between s u b s t r a t e  and fragmental  m a t e r i a l .  Thus 
For s u f f i c i e n t l y  l a r g e  c r a t e r s  or s u f f i c i e n t l y  
( N O R M A L ) S ~ ( X )  = s 0 ( x )  = CVX Y+l 
f o r  x very l a r g e  o r  very sma l l .  
There a r e  undoubtedly o t h e r  size-dependent s e l ec -  
t i o n  e f f e c t s  a f f e c t i n g  t h e  morphological  c l a s s i f i c a t i o n .  I n  
view o f  t h e  g r e a t  promise of t he  Oberbeck and Quaide method, 
t h e s e  e f f e c t s  mer i t  f u r t h e r  s tudy .  
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F I G U R E  1. P o s s i b l e  t h e o r e t i c a l  d i s t r i b u t i o n s  o f  t o t a l  e j e c t a  
b l a n k e t  t h i ckness .  p (Z)  i s  t h e  p r o b a b i l i t y  d e n s i t y  
o f  a p o s i t i v e  s table  law w i t h  index  a ,  s t a n d a r d i z e d  
FIGURE 2 .  Typica l  t h i c k n e s s  o f  t o t a l  e j e c t a  b l anke t  on a mare 
t o  A B  = 1. 
s u r f a c e  w i t h  i n i t i a l  c r a t e r  popu la t ion  index  
y = 2 t a .  
i s  g iven  as a f u n c t i o n  o f  t h e  minimum diameter  X 
o f  c r a t e r s  w i t h  s i g n i f i c a n t  b l a n k e t s  o f  e j e c t a .  
For a<l t h e  s c a l e  parameter  A B  
are g iven .  
FIGURE 3. Craters formed i n  a f ragmenta l  l aye r  (d i agona l  l i n e s )  
may ( r i g h t  s i d e )  o r  may no t  ( l e f t  s i d e )  excavate  
new m a t e r i a l  ( c ros sed  d iagonal  l i n e s )  from a cohes ive  
s u b s t r a t e  ( h o r i z o n t a l  l i n e s ) .  
For  a > l  t h e  average  th i ckness  E(ZB)  
0 
and peak Mo(a) A B  l/ a 
FIGURE 4 .  Cumulative numbers o f  c r a t e r s  of g iven  morphological  
t ype  i n  Oceanus Proce l la rum,  from Oberbeck and 
Quaide  ( 1 9 6 7 ) .  
FIGURE 5 .  Frequency h is tograms of e l e v a t i o n s  on l u n a r  s u r f a c e s .  
( a ) - ( c >  c o n t i n e n t a l  t e r r a i n  (Rowan and McCauley, 1966). 
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